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Summary
XPF/Rad1/Mus81/Hef proteins recognize and cleave
branched DNA structures. XPF and Rad1 proteins
cleave the 5 side of nucleotide excision repair bub-
ble, while Mus81 and Hef cleave similar sites of the
nicked Holliday junction, fork, or flap structure. These
proteins all function as dimers and consist of cata-
lytic and helix-hairpin-helix DNA binding (HhH) do-
mains. We have determined the crystal structure of
the HhH domain of Pyrococcus furiosus Hef nuclease
(HefHhH), which revealed the distinct mode of protein
dimerization. Our structural and biochemical analy-
ses also showed that each of the catalytic and HhH
domains binds to distinct regions within the fork-
structured DNA: each HhH domain from two separate
subunits asymmetrically binds to the arm region,
while the catalytic domain binds near the junction
center. Upon binding to DNA, Hef nuclease disrupts
base pairs near the cleavage site. It is most likely that
this bipartite binding mode is conserved in the XPF/
Rad1/Mus81 nuclease family.
Introduction
Branched DNA structures are produced as intermedi-
ates during various DNA transactions, such as replica-
tion, recombination, and repair. These molecules play
crucial roles in facilitating each process. In DNA replica-
tion, fork-structured molecules are produced at the rep-
lication origin, and they are retained at the head of the
ongoing replicational machinery through the function of
replicational helicases until the replication is finished or
resolved (reviewed in Benkovic et al., 2001; Mendez*Correspondence: morikawa@beri.or.jp
4 Present address: Research Institute of Molecular Pathology, Dr.
Bohrgasse 7, A-1030 Vienna, Austriaand Stillman, 2003). Meanwhile, D loops and Holliday
junctions are formed as intermediate structures in ho-
mologous recombination (reviewed in Kowalczykowski,
2000). The D loops are formed by the strand exchange
reaction mediated by RecA/Rad51. They can be further
processed into Holliday junctions through the strand
synthesis mechanism by DNA polymerase. Alterna-
tively, Holliday junctions can be formed by the regres-
sion of a stalled replication fork (reviewed in Cox, 2001;
Michel et al., 2004). In nucleotide excision repair (NER),
bubble structures are generated near DNA damage
sites to facilitate dual cleavage of the damaged strand
by specific nucleases (reviewed in Sancar et al., 2004).
All of these branched structures are generated by pro-
teins involved in the DNA transaction.
Each branched DNA molecule must be resolved to
restore the duplex DNA structures. In most cases,
nucleases, which recognize a particular branched
structure, dictate these resolution reactions. Among the
various branched DNA-processing nucleases, the Holli-
day junction resolvases have been extensively studied
biochemically (reviewed in Lilley and White, 2000).
These enzymes, which generally have small molecular
masses (12–35 kDa), form homodimers in solution and
recognize branched structures with high specificity.
The cleavage reactions require divalent cations and in-
troduce two nicks in a symmetrical manner. It is very
interesting from both a biochemical and evolutional
point of view that one branch of members of the Holli-
day junction resolvase family exhibits a similar fold to
that of restriction endonucleases; this similarity even
extends to the locations of the active sites (Bond et al.,
2001; Hadden et al., 2001; Nishino et al., 2001a).
In contrast to the abundance of information on the
Holliday junction resolvases, very little structural and
functional data have been reported for other branch
DNA-processing nucleases. In this context, XPF and
Rad1, which are involved in the eukaryotic NER path-
way, are intriguing targets for structural and functional
studies. Both nucleases similarly cleave a bubble or
flap structure at the 5# end of the junction. They also
share a common organization, consisting of three
structural domains: a helicase-like domain, a nuclease
catalytic domain, and a DNA binding domain containing
a tandem helix-hairpin-helix (HhH2) motif (Aravind et al.,
1999). XPF and Rad1 form heterodimers with ERCC1
and Rad10, respectively. Mus81 is also a structure-spe-
cific endonuclease and is involved in the homologous
recombination pathway (reviewed in Heyer et al., 2003).
This protein is composed of a catalytic domain and an
HhH domain, and it forms heterodimers with other pro-
teins, including Mms4 in budding yeast and Eme1 in
fission yeast. The recombinant Mus81 complex effi-
ciently cleaves flap structures or nicked Holliday junc-
tions, whereas the native Mus81 complex can also tar-
get the Holliday junctions for cleavage. From genetic
studies, the Mus81 complex is involved in rescuing
stalled replication forks by acting on some type of re-
combination intermediate in mitotic cells, and it is also
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1184essential for meiotic recombination (reviewed in Hol- R
lingsworth and Brill, 2004).
CHef is an archaeal member of the XPF/Rad1/Mus81
Hfamily and cleaves flap- or fork-structured DNA (Komori
Oet al., 2002). This protein forms a homodimer in solution
Hand consists of a helicase domain (amino acid residues
t1–546), a nuclease catalytic domain (amino acid resi-
edues 547–688), and an HhH domain (amino acid resi-
ddues 689–763). These three domains can be grouped
tinto two functional regions, Hef helicase (amino acid
Eresidues 1–546) and Hef nuclease (amino acid residues
s547–763). Hef nuclease comprises the catalytic and
iHhH domains, which jointly recognize flap- or fork-
astructured DNA independently of the preceding heli-
tcase domain (Komori et al., 2004). Our previous study
nsuccessfully determined the crystal structures of the
icatalytic domain and revealed that its structural fold is
usimilar to that of restriction endonucleases; again, the
H
arrangements of the active site residues are also similar
1
(Nishino et al., 2003). Both the catalytic and HhH do-
t
mains can form tight homodimers independently in so- f
lution, and their simultaneous dimerizations are re- d
quired for specific recognition of branch structures
(Nishino et al., 2003). More recently, we have solved the d
crystal structure of the helicase domain, and we pro- a
posed the critical role of the unique insertion domain in r
branched structure recognition (Nishino et al., 2005). s
The HhH motif has been characterized as a DNA o
binding structural unit that recognizes the phosphate o
backbone of DNA in a sequence-independent manner a
(Doherty et al., 1996). It was initially found in DNA repair g
endonuclease III, which contains only one HhH motif c
(Thayer et al., 1995). However, further sequence and A
structural analyses unveiled many examples of two c
consecutive HhH motifs (HhH2) connected by a linker X
helix (Shao and Grishin, 2000). DNA-processing pro- c
eteins, such as DNA ligases, helicases, polymerases,
metc., are typical of this category. The HhH2 motif recog-
Hnizes both strands of DNA from the minor groove side.
sInterestingly, in the case of the Holliday junction binding
protein RuvA, four subunits form the exact 4-fold sym-
smetric complex, in which the HhH2 in each subunit an-
mchors an arm of the Holliday junction (reviewed in Ya-
imada et al., 2004). Thus, the HhH2 structure of RuvA
Bplays a major role in the specific recognition of the Hol-
tliday junction.
hIn contrast to RuvA, very little structural information
lfor members of the XPF/Rad1/Mus81/Hef nuclease
s
family is available with respect to their DNA recognition
b
mechanisms. In order to clarify the specific recognition o
and incision mechanisms of this nuclease family, we t
have determined the three-dimensional (3D) structure f
of the HefHhH domain and characterized its DNA bind- s
ing properties in detail. The crystal structure of HefHhH
revealed the structural features of the dimer interface at i
the atomic level. Further biochemical analyses revealed v
that at least one functional catalytic domain and two b
sets of HefHhH domains were required for the full activ- 2
ity and that each domain occupies distinct regions t
within the branched DNA structure. Our results present t
how the XPF/Rad1/Mus81 nuclease family recognizes H
Hand subsequently cleaves branched DNA.esults
rystal Structure of the Pyrococcus furiosus Hef
hH Domain Dimer
ur previous biochemical analyses revealed that the
ef HhH domains and catalytic domains can each form
ight homodimers independently of one other (Nishino
t al., 2003). To understand the structural basis of HhH
omain dimerization, we made a construct expressing
he HhH domain alone (HefHhH, residues 689–763) in
. coli cells. Using the protein purified from this expres-
ion system, we obtained the crystal and determined
ts structure at 1.45 Å resolution (Figures 1A and 1B
nd Table 1). As expected from the solution studies,
he protein forms a homodimer in the crystal through a
oncrystallographic 2-fold axis. Each HefHhH domain
s composed of five α helices, forming a compact glob-
lar architecture (Figure 1B). A structural comparison of
efHhH, by using the DALI database (Holm and Sander,
993), revealed that HefHhH shares structural similarity
o Thermus filimormis DNA ligase (rms deviation 1.8 Å
or 65 residues, PDB ID 1dgs) and E. coli RuvA (rms
eviation 2.7 Å for 63 residues, PDB ID 1hjp).
The HefHhH dimer is stabilized by extensive hy-
rophobic interactions through helices αA and αC, with
buried area of about 1200 Å2. The dimeric contact is
einforced by the interaction of the C terminus and the
ubsequent residues of αE with αA, αB, and αC of the
ther subunit (Figure 1C). In particular, the side chain
f Tyr758 forms a hydrophobic interaction with Leu719
nd the aliphatic side chain of Lys720. Its hydroxyl
roup also makes a salt bridge with the amino side
hain of Arg716. In addition, the main chain carbonyl of
la756 forms a hydrogen bond with the amino side
hain of Gln700. Previous truncation analyses of Hef,
PF, and ERCC1 suggested that these regions play cru-
ial roles in dimerization (de Laat et al., 1998; Nishino
t al., 2003). Presumably, the truncation of the C-ter-
inal nine residues would weaken the contact in the
efHhH dimer. Thus, both interactions are required to
tabilize the HefHhH dimer.
The BAF (barrier to auto-integration factor) protein
hares a similar HhH2 architecture, which forms a ho-
odimer in solution. BAF functions to prevent retroviral
ntegration and can bridge multiple DNA segments. The
AF dimer is mainly stabilized by interactions between
he linker helices of two HhH motifs and by additional
ydrophobic contacts (Figure 1D) (Cai et al., 1998; Um-
and et al., 2000). The BAF dimer interface of 725 Å2 is
maller than that of HefHhH. Apart from the interaction
etween the combining helices, the contact involves
nly several residues in the loop that form polar interac-
ions and salt bridges. The most distinguishing feature
rom HefHhH is that BAF has no tail-like structure to
upport dimerization.
Several structures of HhH domain-DNA complexes,
ncluding the RuvA-Holliday junction complex, have re-
ealed how HhH domains bind to the phosphate back-
ones of DNA duplexes (reviewed in Yamada et al.,
004). The superposition of the HefHhH domain onto
he structure of the RuvA HhH domains in complex with
he Holliday junction has led to a possible mode of Hef
hH binding to DNA. In this modeled complex, the
efHhH domain binds to a continuous double-stranded
Archaeal XPF/Mus81 Nuclease Structure and Function
1185Figure 1. Crystal Structure of the Hef HhH Domain
(A) Structure sequence alignment of the HhH region. Primary se-
quences of Pyrococcus furiosus Hef (PfHef), human XPF (HsXPF),
budding yeast Rad1 (ScRad1), human Mus81 (HsMus81), budding
yeast Mus81 (ScMus81), human ERCC1 (HsERCC1), and fission
yeast Swi10 (SpSwi10) are shown. Numbers on the left and right
sides of the sequence indicate amino acid residue numbers. Sec-
ondary structures of Hef are indicated on the bottom of the se-
quence. Conserved hydrophobic residues that play important roles
in assembling the HhH2 motif are colored in gray. Residues in-
volved in dimerization are marked with filled boxes. Thr713 and
Lys745, which were used for the mutational analyses, are colored
in red. Note that human and yeast Mus81 do not contain the sec-
ond HhH motif; instead, it is present at the N terminus of the protein
(data not shown).
(B) HefHhH dimer structure. Two orthogonal views are shown. The
two subunits are colored in red and blue. Each helix is numbered
according to (A), and amino and caboxyl termini are represented
by N and C, respectively.
(C) Close-up of the C-terminal tail region. Side chains of residues
involved in the contact are shown by the wire frame and are marked
with the residue number. Note that Y758 makes extensive contacts
with residues from αA and αB.
(D) BAF dimer and DNA complex model. Two molecules in the ho-
modimer are colored differently in blue and in red. The complex
model was generated by superimposing the BAF structure and the
RuvA-Holliday junction complex model in which protein is colored
in cyan and DNA is colored in magenta. The other subunit was
similarly superimposed to obtain the model DNA.
(E) HefHhH-DNA model. The HefHhH dimer was rotated by about
30° on the z axis from the model in (B). The complex model wasfold reductions in their activities. Interestingly, the activ-
similarly generated by superimposing the HefHhH structure and the
RuvA-Holliday junction complex model as in (D). Note that the
RuvA-DNA model is in the same orientation in (D) and in (E).DNA, which is bent at the middle and has a nick in one
strand (Figure 1E). This binding mode differs from that
of the BAF-DNA complex model, in which the DNA lies
parallel, but does not cross over (Figure 1D) (Cai et al.,
1998; Umland et al., 2000).
One Catalytic Domain and Two HhH Domains Are
Required for Hef Nuclease Activity
The XPF-dependent nuclease family members are
composed of heterodimers, in which one subunit con-
tains the catalytic active site (XPF/Rad1/Mus81), and
the other subunit (ERCC1/Rad10/Mms4) lacks the
active site residues. A similar bipartite feature is also
observed for the HhH domains. In contrast, Hef is a
homodimer, which contains the two catalytic active
sites and the two HhH domains. To date, it is not known
what combination of functionally intact domains is re-
quired for enzymatic activity of the Hef nuclease homo-
dimer. Previously, we made a truncated Hef nuclease
mutant lacking the C-terminal nine residues; however,
it disturbed the dimerization of the HhH domain and as
well as the substrate specificity (Nishino et al., 2003).
Thus, point mutations, which do not interfere with the
dimer interface, were generated in the HhH domain.
The Thr713 and Lys745 are each located at the hairpin
region of the HhH motif and are likely to be involved in
DNA binding. When these residues were each replaced
by glutamate, the mutants exhibited 10-fold reductions
in their cleavage activities (Figure 2A, compare lanes 1
and 2 with lanes 3 and 4 and 5 and 6). When both muta-
tions were introduced simultaneously, almost no cleav-
age was observed (Figure 2A, lanes 7 and 8), which was
similar to what was seen with the active site mutant
(Figure 2A, lanes 9 and 10). Combined active site/HhH
mutation also did not show any activity (Figure 2A,
lanes 11 and 12).
Using this HhH mutation and the active site mutation
(D583A), we could now analyze all the combinations of
nuclease and HhH to test what combinations are re-
quired for Hef nuclease activity. We prepared a hetero-
dimeric series of Hef nucleases by expressing two dif-
ferently tagged Hef proteins (Figure 2B). The nuclease
catalytic domain of either the wild-type (NW) or the in-
activated one (NM) was combined with the wild-type
(HW) or inactivated (HM) HhH domain. An SDS-PAGE
of the purified protein revealed a 1:1 ratio for each
tagged Hef protein (Figure 2C). When the activities of
each heterodimer were measured, the NW-HW/NM-HW
(Figure 2D, lane 2), which contained only one functional
active site, retained almost full activity, as was seen
with the construct containing two functional active
sites (NW-HW/NW-HW, Figure 2D, lane 1); however, the
other mutants showed dramatic activity reductions
(Figure 2D, lanes 3–10). In particular, NW-HW/NW-HM
(Figure 2D, lane 3), NW-HW/NM-HM (Figure 2D, lane 4),
and NM-HW/NW-HM (Figure 2D, lane 6) all contain one
impaired HhH domain, and all displayed more than 10-
Structure
1186Table 1. Data Collection
Native Se-Met L1 Remote Se-Met L2 Peak Se-Met L3 Edge Se-Met L4 Remote
Wavelength (Å) 1 0.9792 0.97774 0.97779 0.9757
Resolution (Å) 1.45 1.8 1.8 1.8 1.8
Completeness (%)a 96.9 (98.3) 97.6 (98.0) 89.1 (93.9) 97.6 (97.9) 97.6 (97.8)
Rmergea 0.061 (0.104) 0.045 (0.076) 0.045 (0.057) 0.047 (0.068) 0.052 (0.072)
f#/f$ — −4.23/0.62 −6.835/4.25 −7.70/1.26 −3.44/3.22
Unique reflections 27,454 14,533 14,731 14,529 14,555
Refinement Statistics
Resolution (Å) 20.0–1.45
Protein atoms (average B
value) 1068 (13.69)
Solvent molecules
(average B value) 125 (24.80)
R factor/Rfree (%)a 22.2 (21.0)/24.0
(24.7)
Rms bond lengths (Å) 0.0037
Rms bond angles (°) 1.02152
Ramachandran plot
Most favored 97.5%
Allowed 2.5%
a Numbers in parentheses represent statistics in the highest-resolution shell.ity reduction was not affected by whether the HhH mu- i
mtation was in cis or in trans (Figure 2D, lanes 4 and 6).
Thus, single mutations in the HhH domains affect the t
cactivity more than in the active site, suggesting that
both HhH domains are equally important for recogniz- s
sing branched molecules. These data imply that both
HhH domains are used for recognition, and that at least n
Tone of the nuclease active sites is required for cleavage
of the fork structure. t
A
mThe Catalytic and HhH Domains Bind Distinct
bRegions of the Fork Substrate
tAs mutational analyses revealed the importance of the
aHhH domains for the recognition of the fork structure,
iwe next attempted to analyze how Hef nuclease recog-
tnizes the fork structure. For this purpose, several
aunique cysteine mutations were introduced into Hef
tnuclease so that Fe-BABE-mediated DNA footprinting
scould be performed in a site-specific manner. We chose
cLys565 and Asp611, which are located on the surface
tof the catalytic domain, and Glu744, located in the HhH
cdomain, for the mutations. These cysteine mutants
rwere mixed with Fe-BABE to obtain Hef nuclease con-
sjugated with the hydroxyl radical generating reagent.
sAfter the Fe-BABE-mediated hydroxyl radical cleavage
reaction, the labeled DNA was analyzed by denaturing
PAGE to detect the cleaved fragments. Each Fe-BABE- D
bconjugated mutant uniquely cleaved distinct regions of
the synthetic fork substrate, whereas the wild-type pro- H
oteins produced no specific cleaved fragments (Figure
3A). Thus, these data were used to map the proximity a
Dof each region to the fork DNA. An inspection of the
cleaved positions revealed that the catalytic domain p
owas positioned in close vicinity of the junction center
(Figure 3B), whereas the HhH domains were located at n
tmore distant positions. This is consistent with the ob-
servation that the active site of the catalytic domain is t
Hpositioned near the cleavage site, which is two or three
bases away from the junction. Interestingly, the two res- odues that we labeled with Fe-BABE in the catalytic do-
ain occupied different regions of the fork structure,
hus suggesting how the DNA runs across the nu-
lease. Lys544, located on the left side of the active
ite, is bound to the junction core and the leading
trand (Figure 3C). This residue is also used to recog-
ize the lagging strand to bridge the HhH bound region.
hus, this region should have dual roles in recognizing
he leading and lagging strands. On the other hand,
sp611, lying on the right side of the active site, is
ainly used to bridge the cleavage site and the HhH
inding region (Figure 3C). The HhH region was bound
o duplex regions, which are approximately 12–22 bp
way from the center (Figure 3B), and was not involved
n direct recognition of the fork structure. Intriguingly,
he HhH domains were bound to both arms (template
nd lagging strand), but not to the arm that contains
he downstream region of the cleaved DNA (leading
trand). Previous substrate specificity analyses indi-
ated that Hef could cleave either a fork or a flap struc-
ure, and even a nicked duplex, albeit with less effi-
iency (Komori et al., 2002). Thus, Hef nuclease mainly
ecognizes the junction and two arms of the branched
tructure, while the downstream region of the cleaved
trand is marginally recognized.
istortion of the Junction Core Region Induced
y Hef Nuclease Binding
ow the XPF/Rad1/Mus81-dependent nucleases rec-
gnize forked structures as well as whether any associ-
ted conformational changes take place in the bound
NA are key issues. Thus, we investigated potassium
ermanganate sensitivity to detect possible unstacking
f base pairs around the junction center upon Hef
uclease binding. The reaction was carried out, using
he fork structure with eight consecutive thymines near
he junction center. When we incubated the wild-type
ef protein with branched molecules in the presence
f potassium permanganate, they exhibited significant
Archaeal XPF/Mus81 Nuclease Structure and Function
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(A) Mutation analysis of the HhH residues and the active site residue. The 32P-labeled synthetic fork substrate (200 fmol) was mixed with 2
pmol or 20 pmol wild-type or mutant HefC547# protein at 60°C for 30 min. Products were analyzed by denaturing PAGE and were detected
by autoradiography.
(B) Schematic diagram of the Hef nuclease heterodimer.
(C) Purified Hef nuclease heterodimers. Purified Hef nuclease heterodimers (50 pmol) were loaded onto SDS-PAGE and stained with Coomas-
sie brilliant blue.
(D) Nuclease activity of Hef nuclease heterodimers. Nuclease activity was measured with 20 pmol HefC547 protein as in (A). Three HhH
mutations (NW-HM/NW-HM, lane 8; NW-HM/NM-HM, lane 9; NM-HM/NM-HM, lane 10) suffered contaminating nuclease activity and gave
higher background than the others.base unstacking over the background levels at local re-
gions between the cleavage site and the junction cen-
ter (Figure 4A, lane 4). This effect was even more signifi-
cant with the active site mutant (Figure 4A, lane 5).
Interestingly, weak unstacking was also observed with
the truncated protein lacking the HhH domain (Figure
4A, lane 7). Thus, upon binding to a branched DNA
molecule, the catalytic domain has the potential to in-
troduce unpairing of the base near the junction center,
which is dramatically enhanced by the HhH domain
binding (Figure 4B).
Discussion
The present structural and biochemical analyses al-
lowed us to delineate how Hef nuclease, consisting of
the catalytic and HhH domains, recognizes and cleaves
DNA. These two domains are connected by a flexible
linker, and hence each domain could have sufficient
freedom upon interacting with branched DNA mole-
cules. Importantly, two functional HhH domains en-
hance the cleavage efficiency by 100-fold, suggesting
that they play an important role in assisting branch
structure recognition and processing.
HhH Domains and Substrate Specificity
It is known that the HhH domain functions as a se-
quence-independent DNA binding domain to increasethe DNA binding affinity. However, the HhH domain can
be used in multiple combinations to recognize tertiary
DNA structures. For instance, in the case of RuvA, four
HhH domains are used to recognize the Holliday junc-
tion. In the case of the Hef HhH domain, simultaneous
HhH binding is possible to induce DNA bending, which
might be the structural basis of fork DNA recognition.
This feature aptly explains our previous observation
that the HhH-truncated mutant lacking the C-terminal
nine residues lost its substrate specificity. The trunca-
tion disturbed the dimerization of the HhH domain, and
thus the mutant protein was bound to duplex DNA in
a nonspecific manner (Nishino et al., 2003). Also, the
impairment of either HhH domain dramatically reduced
the activity, and the deletion of both HhH domains to-
tally abolished the nuclease activity. Therefore, it is
likely that the HhH domain grips two duplexes of the
branched DNA structures, which may distort the DNA
and thereby facilitate the cleavage by the catalytic
domain.
Substrate Specificity of Hef, Mus81, XPF, and Rad1
Although XPF/Rad1, Mus81, and Hef each contain both
a catalytic domain and an HhH domain, they show dif-
ferent substrate specificities. XPF and Rad1 favor Y
junction or bubble structures, which consist of only one
duplex and two ssDNA regions. In contrast, Mus81 and
Hef favor flap structures and fork substrates. As we
Structure
1188Figure 3. Fe-BABE Footprint of Hef Nuclease
(A) Two oligo DNAs, d69 and 73N, were each
labeled with 32P at the 5# end and were an-
nealed to unlabeled, complementary oligo
DNA to form synthetic fork-structured DNA.
The wild-type or cysteine mutant Hef C547#
conjugated with Fe-BABE (5 M) was incu-
bated for 10 min at 25°C with 5 nM synthetic
fork substrate in a buffer containing 10 mM
Tris-HCl (pH 8.8), 10 mM CaCl, 100 mM KCl,
0.01% BSA, and 0.1 mg/ml calf thymus DNA.
The hydroxyl radical cleavage reaction was
initiated by the addition of sodium ascorbate
to a final concentration of 20 mM and was
incubated for 60 min at 50°C. The reaction
was terminated by the addition of thiourea
to a final concentration of 20 mM. The ali-
quots were analyzed by 15% denaturing
PAGE and were detected by autoradiogra-
phy. Black and white arrowheads represent
junction and cleavage sites, respectively.
Mutant-specific cleavage is indicated by
each color on the right (red, K565C; blue,
D611C; green, E744C).
(B) Schematic diagram of the fork substrate
used for the assay and the position of the
cleavage sites. Colored lines indicate the re-
gion covered by each mutant. The coloring
is the same as in (A).
(C) Ribbon diagram of Hef nuclease and the
position of the mutation sites. The colored
circles indicate the positions of the mutated
residues. Red, K585; blue, D611; green,
E744. The active site is indicated by a star.have shown, Hef can recognize fork DNA, with the help i
eof the HhH domains to bridge two duplex regions ade-
quately distant from the junction center; hence, Mus81 t
tmight recognize DNA in a similar mode. At present, it is
unknown how XPF and Rad1 recognize the Y junction t
or bubble structures. Given the importance of the HhH
domain in the structure specificity of branched struc- f
rtures, we presume that some differences in this domain
could determine the substrate discrimination between D
oHef/Mus81 and XPF/Rad1. One possibility is that XPF/
Rad1 might contain only one functional HhH domain, t
tso that it can only recognize the branch containing a
duplex. Moreover, the catalytic domain might have an d
nunknown discriminating factor to recognize the sub-
strates containing the ssDNA arms. As the catalytic do- f
tmain and the HhH domain are quite similar between
Hef and XPF/Rad1/Mus81, Fe-BABE-mediated DNA l
bfootprinting would be useful in revealing the substrate
specificity and in mapping the interactions of each c
tnuclease.
w
aHef Nuclease-DNA Complex Model
Our structural and biochemical data allowed us to con- s
cstruct a putative model, which consists of the Hef
nuclease and fork-structured DNA (Figure 5). The fork- k
sstructured DNA model was built by connecting three B
form DNAs to a junction near the catalytic domain. The t
fangles of the DNA may be flexibly changed upon bind-
ing with the HhH domains. This model was built on the s
cfollowing assumptions: i) neither the catalytic domain
nor the HhH domain changes its global structure upon
sDNA binding; ii) the linker connecting the two domainss flexible enough to allow substantial movements of
ach domain. In particular, to make reasonable con-
acts with the fork-structured DNA, we shifted the posi-
ion of the HhH domain by 25 Å from the 2-fold axis of
he catalytic domain.
Upon binding to DNA substrates, the HhH domains
rom both subunits would jointly recognize the branched
egions. The binding of the HhH domains may bend
NA. The catalytic domain binds to the junction center
f the bent DNA and locally distorts the junction region
hrough conformation-specific interactions, resulting in
he unpairing of several bases near the junction. These
istorted configurations may be preferentially recog-
ized by the active site, thus contributing to the speci-
icity of the reaction and the role of the HhH domain for
he specificity. Such cooperative binding by the cata-
ytic and HhH domains may facilitate fast scanning on
ranched structures, while it could ensure specific
leavage. Similar specific and nonspecific bindings
ake place in the case of restriction endonucleases,
hich recognize DNA sequences (reviewed in Pingoud
nd Jeltsch, 1997). The restriction enzymes in the non-
pecific complex were found to use minimum surface
ontacts with the DNA duplexes, which are essentially
ept in B form. In contrast, when they recognize their
pecific sequences, the enzymes clamp the DNA so as
o expand the DNA-protein interface. DNA duplexes are
requently distorted from the normal B form DNA. A
imilar mechanism may also function in the Hef-DNA
omplex.
While we were preparing this manuscript, the crystal
tructure of Aeropyrum pernix (Ape) XPF with or with-
Archaeal XPF/Mus81 Nuclease Structure and Function
1189Figure 4. Base Pair Disruption by Hef Nuclease
(A) KMnO4 sensitivity. The fork DNA, labeled with 32P on the d47T strand, was incubated with the indicated mutant Hef proteins and was
reacted with potassium permanganate, as described in the Experimental Procedures. The white arrowheads indicate the cleavage product
band generated by Hef. The numbers on the right indicate the base number from the junction. Lane GA indicates the A/G markers of
the strand.
(B) Schematic diagram of the fork DNA substrate.is consistent with our results overall. Hef nuclease; however, the cleavage activity is dramati-
Figure 5. Hef Nuclease-DNA Model
Two orthogonal views of the Hef nuclease-
junction model. Hef is shown in a ribbon dia-
gram with an electrostatic surface represen-
tation. The surface was colored according to
its electrostatic surface potential at ±10 kB
T/e for positive (blue) or negative (red) charge
potential by using the program GRASP
(Nicholls, 1993). The DNA is shown by its
backbone helices. The model was generated
based on the footprint data.out dsDNA was reported (Newman et al., 2005). In this
structure, the catalytic and HhH domains interacted
with each other through weak hydrophobic interaction.
DNA was mostly bound to an HhH domain, with addi-
tional minor interactions with the catalytic domain. A
mutational and modeling study allowed the authors to
speculate as to how branched molecules are recog-
nized and processed. Ape XPF, which lacks a helicase
domain, uses a PCNA clamp for anchoring and pro-
cessing DNA. However, its recognition mode with DNAFull-Length Hef Model: Coordinating the Helicase
and Nuclease Activities
Hef is composed of three structural domains: the heli-
case, the catalytic binding domain, and the HhH DNA
binding domain. Hef nuclease, consisting of the cata-
lytic and the HhH domains, is connected to the preced-
ing Hef helicase at the N terminus by a 50-residue
linker. Biochemical analyses of full-length Hef indicated
that the coexistence of the Hef helicase does not dis-
turb the substrate specificity or the cleavage site of the
Structure
1190Dcally facilitated (Komori et al., 2004). This activity en-
Chancement is more prominent at a low enzyme concen-
3tration, probably due to the lower Km value. Therefore,
X
in the full-length Hef protein, the Hef helicase would s
initially bind to DNA and process the branched struc- B
0ture. Then, the substrate DNA would be passed on to
Tthe Hef nuclease. It remains unknown how these two
nactivities are coupled with each other. However, it is
upossible that, once the helicase produces a substrate β
suitable for the nuclease, it may be released. Another s
possibility is that the helicase and the nuclease are c
Tconstantly switching the substrate to process and scan
sfor cleavage sites. Further biochemical analyses are re-
fquired to understand the precise mechanism.
N
Q
iBranch Structure Processing in Archaea
oPyrococcus furiosus and other related euryarchaeal
wspecies of Archaea possess two major branch struc-
a
ture-specific nucleases, Hef and Hjc. Hjc recognizes c
and cleaves the Holliday junction in a symmetrical man- m
ner, as found in the other Holliday junction resolvases. d
iPrevious biochemical analyses, using the mobile junc-
tion that can interconvert between the fork substrate
and the Holliday junction, have indicated that Hjc spe- C
cifically cleaves the substrate with the Holliday junction F
structure, whereas Hef cleaves the fork-structured sub- M
mstrate (Komori et al., 2002). Hjc interacts specifically
iwith PCNA and RadB, suggesting functional connec-
(tions with DNA replication and recombination (Komori
r
et al., 1999). At present, it is unknown whether Hef in-
teracts with other proteins involved in these pathways.
Crenarchaeal species of Archaea, such as Sulfolobus C
Hsolfataricus, commonly contain Hjc, whose sequences
aare conserved (Kvaratskhelia et al., 2000). Intriguingly,
(Hef homologs (archaeal XPF) are also present in these
m
species; however, they contain only the Hef nuclease t
part, comprising the catalytic and HhH domains, and B
tlack the helicase domain. Notably, they contain the
HPCNA interacting sequence at their C termini, and
ePCNA is required for processing branched-structured
pmolecules (Roberts et al., 2003). Euryarchaeal Hef ho-
b
mologs lack the PCNA interacting sequence while they a
contain the helicase domain for DNA processing. Hef e
bhelicase favors fork structures over other branched
wmolecules. In future studies, it will be interesting to de-
ttermine how Hjc and Hef are regulated in the replica-
Ttion/recombination process.
A
A
Experimental Procedures t
d
Preparation and Crystallization of the Pyrococcus d
furiosus Hef HhH Domain E
HefHhH was constructed by changing two codons within the m
HefC547# gene, Arg689 and Ser690, to His and Met, respectively,
to introduce the NdeI restriction endonuclease site CATATG. A new
open reading frame containing the HefHhH region (691–760) was D
Tcloned into the pET21a vector. The protein was overexpressed in
E. coli strain BL21(DE3) codon plus RIL (Stratagene). The protein t
nwas purified according to the same protocol used for Hef nuclease.
The purified HefHhH protein was concentrated to 5 mM by ultra- p
tfiltration (Millipore). HefHhH was crystallized at 20°C by the micro-
batch method. Good-quality crystals were obtained when 1 l o
AHefHhH solution was mixed with 0.3 l 10 g/ml trypsin and 1 l
3.4 M Na-Malonate (pH 7.0). Octahedral-shaped crystals appeared 5
Awithin 1 day and were grown for several days.ata Collection and Phasing
rystals of the Hef HhH domain were harvested in a buffer solution,
.4 M Na-Malonate (pH 7.0). The crystals were cryoprotected, and
-ray diffraction data were collected at 100 K by using a nitrogen
tream. The selenomethionine derivative data were collected at
L38B1 (SPring8), by using four different wavelengths (L1 =
.977747 Å, L2 = 0.977797 Å, L3 = 0.979299 Å, and L4 = 0.975797 Å).
hese data were processed by the HKL suite (Otwinowski and Mi-
or, 1997). The crystal belongs to the space group P212121, with
nit cell dimensions a = 39.94 Å, b = 56.89 Å, and c = 68.37 Å, α =
= γ = 90°, and it contains two molecules per asymmetric unit. The
caling statistics are indicated in Table 1. Native data were also
ollected at BL41XU (SPring8) by using a single wavelength (1 Å).
he initial phases were calculated by the MAD data by using the
elenomethionine derivative, in which two selenium sites were
ound by SOLVE (Terwilliger, 2002). After density modification and
CS averaging, the initial model was built with the program
UANTA (MSI). All data between 20 and 1.45 Å resolution were
ncluded during CNS refinement (Brunger et al., 1998). Ten percent
f the reflections were kept separate to monitor Rfree, and they
ere not included in the refinement. The final refinement statistics
re shown in Table 1. The current model contains 125 water mole-
ules and a protein region including residues 693–760. The N-ter-
inal four residues and the C-terminal three residues were disor-
ered. Scaling statistics and final refinement statistics are shown
n Table 1.
onstruction of HhH Mutations and Cleavage of Synthetic
ork Substrate by Hef Nuclease
utations in HhH regions were introduced by the Quick-change
utagenesis protocol (Stratagene). Proteins were purified accord-
ng to the procedure used for the wild-type, as reported previously
Nishino et al., 2003). Synthetic fork cleavage was carried out as
eported previously (Nishino et al., 2003).
onstruction and Preparation of Heterodimeric Hef Nuclease
efC547# was subcloned into the pET28a (Novagen) and pCal (Strat-
gene) vectors for the His tag and the calmodulin binding peptide
CBP) tag, respectively. For the His tag, the NdeI and BamHI frag-
ent of the HefC547# gene was directly subcloned into pET28a. For
he CBP tag, the pCal-n vector was modified to introduce NdeI and
amHI restriction sites downstream of the Factor Xa site, to make
he pCal-multi vector. The NdeI and BamHI fragment of the
efC547# gene was similarly cloned into the pCal-multi vector. For
xpression of the HefC547# heterodimer, both plasmids were coex-
ressed in BL21(DE3) codon plus RIL. Cells were resuspended into
uffer A500, containing 10 mM HEPES-Na (pH 7.4), 500 mM NaCl
nd were disrupted by sonication. To remove the DNA, polyethyl-
neimine was added to a final concentration of 0.1%. The cell de-
ris and the DNA were removed by centrifugation. The supernatant
as treated with ammonium sulfate (70% saturation) to precipitate
he protein fraction. Precipitant was resuspended in buffer A500.
he suspension was directly applied to the Talon resin (Invitrogen).
fter an extensive wash, the bound protein was eluted by buffer
500 with 200 mM imidazole. After adding CaCl2 to a final concen-
ration of 10 mM, the Talon eluate was directly applied to Calmo-
ulin resin (Stratagene). After an extensive wash, the bound hetero-
imeric HefC547# was eluted by buffer A500 containing 10 mM
GTA. The eluate was dialyzed against buffer A300 containing 300
M NaCl.
NA Substrates
he synthetic fork DNA substrate used for the cleavage assay was
he same as that described previously that was produced by an-
ealing four oligoDNAs (Nishino et al., 2003). For the Fe-BABE foot-
rinting, synthetic oligoDNAs d69 and 73N were annealed by dena-
uring at 94°C followed by slow cooling. The sequences of the
ligoDNAs are d69: 5#-AGCTATGACCATGATTACGAATTGCTTGGA
TCCTGACGAACTGTAGTTCTACAGTTCGTCAGGATTCC-3#; 73N:
#-AATTCGTGCAGGCATGGTAGCTTTAGCTACCATGCCTGCACG
ATTAAGCAATTCGTAATCATGGTCATAGCT-3#.
Archaeal XPF/Mus81 Nuclease Structure and Function
1191Fe-BABE Footprinting
Cysteine mutations were introduced in the HefC547# gene by the
Quick-change mutagenesis system (Stratagene). Proteins were
purified according to the protocol used for the wild-type protein in
the presence of DTT. For the conjugation of Fe-BABE, 50 M mu-
tant protein was mixed with 200 M Fe-BABE (Dojindo) for 3 hr at
room temperature. The unbound Fe-BABE was removed by dialysis
in buffer A300. For the Fe-BABE cleavage, the wild-type or mutant
C547# protein (5 M) was incubated for 10 min at 25°C with 5 nM
synthetic fork substrate, which was 5#-32P-labeled on either strand
d69 or 73N, in a buffer containing 10 mM Tris-HCl (pH 8.8), 10 mM
CaCl2, 100 mM KCl, 0.01% BSA, and 0.1 mg/ml calf thymus DNA.
The reaction was initiated by the addition of sodium ascorbate to
a final concentration of 20 mM and was incubated for 60 min at
50°C. The reaction was terminated by the addition of 20 mM thio-
urea. The aliquots were analyzed by 15% denaturing PAGE and
were detected by autoradiography.
Modification of DNA by Potassium Permanganate
The chemical reaction was performed as described previously (Ni-
shino et al., 2001b). The substrate synthetic fork DNA was essen-
tially similar to FI (Komori et al., 2004), although it contained eight
consecutive thymines in the vicinity of the cleavage point near the
junction (strand d47T). Each of the wild-type or mutant C547# pro-
teins (1 M) was incubated with 20 nM Fork substrate, which was
5#-32P-labeled on d47T.
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